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This paper describes fleet-size-dependent models for predicting dispatching efects in multi-vehicle materials- 
handling systems. The models are a direct extension of recently published analytical bounds on empty-vehicle 
travel, which are based exclusively on vehicle travel times and material Jlow rates in a system. As with these 
earlier models, the models presented in this paper are intended to support the design of materials-handling 
systems. By directly accounting for the number of vehicles used in a system, the proposed models attempt to 
provide more refined insights into the efhectiveness of using vehicle dispatching to deal with temporary peaks 
in system workload, as an alternative to designing a system with sufficient capacity to handle worst case 
operating scenarios. Simulation experiments are used to test the effectiveness of the proposed models and 
provide a comparison with earlier models reported in the literature. 
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1. Introduction 
Discrete materials-handling systems are characterized by 
one or more vehicles servicing transactions among a set 
of two or more workcenters. Several attributes define the 
capacity of such systems. 1*2 The most obvious of these 
attributes are design variables such as the physical con- 
figuration of the transport network, the number of 
workcenters, the buffer storage capacity of workcenters, 
and the vehicle fleet size. In addition to design variables, 
there are operational variables that influence the capacity 
of a materials-handling system. Among these are the 
vehicle routings through the transportation network and 
the sequencing of the transactions erved by the system. 
In the absence of vehicle interference associated with 
traffic congestion, the routing problem can be solved 
effectively as a linear network (shortest route) problem.3 
Transaction sequencing poses a more challenging 
problem when transactions between workcenters arrive 
randomly. In this case, the problem can be dealt with 
through a combination of transaction backlogging and 
vehicle dispatching.475 
Transaction backlogging refers to the use of buffer 
stocks at individual workcenters to minimize vehicle 
deadheading (i.e., empty travel between workcenters to 
recirculate vehicles to demand points). Vehicle dispatch- 
ing refers to the rules used in a system for sequencing 
transactions that are buffered in the system and for 
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assigning vehicles to service specific transactions. At the 
shop floor level, these rules are used to determine where 
vehicles are dispatched after completing transactions, or 
how workcenters elect among vehicles available to ser- 
vice transactions. Vehicle dispatching rules are a key 
factor in determining the amount of empty vehicle travel 
expended in meeting a materials-handling workload. 
In most applications, the effects of dispatching are 
approximated using rules of thumb to characterize the 
volume of empty vehicle travel that will be expended in 
a system, e.g., assuming that empty vehicle travel volume 
will equal loaded vehicle travel volume.6y7 However, 
dispatching rule modifications have a major influence on 
the operating dynamics of a materials-handling system. 
For example, they can be used to temporarily increase 
handling capacity by imposing vehicle-conserving trans- 
action sequencing.8 This is a short-term tool because 
resource-conserving rules tend to produce variations in 
service levels and vehicle utilization that are unaccept- 
able for steady-state operation. However, it does provide 
a means for systems to deal with temporary peaks in 
workload. This can produce significant savings in a sys- 
tem by avoiding the need to design for the “worst case” 
(i.e., highest workload) operating scenario. 
Recognizing the importance of this, recent research has 
led to the development of analytical methods for predict- 
ing bounds on the volume of empty vehicle travel in 
systems using simple vehicle-dispatching rules.‘*’ These 
methods were designed to approximate empty vehicle 
travel volume using only vehicle travel times and mater- 
ial flow rates as input. It was shown that these methods 
were a significant improvement over several earlier 
methods for evaluating a system’s ability to deal 
124 Appl. Math. Modelling, 1994, Vol. 18, March 0 1994 Butterworth-Heinemann 
Dispatching models for multi-vehicle materials-handling systems: C. J. Malmborg and Y-C. Shen 
with short-term variations in workload through dis- 
patching. ‘J,* Recently published evaluations of the 
procedures have been based on simulation studies of 
automated guided-vehicle systems.’ These computa- 
tional studies were undertaken to develop a quantitative 
measure of the sensitivity of empty vehicle travel due to 
dispatching to the number of vehicles available in a 
system. They revealed that the accuracy of estimates of 
upper and lower bounds derived from procedures using 
only material flow rates and travel times can vary sub- 
stantially with the number of vehicles operating in a 
system. The purpose of this paper is to present extensions 
to the analytical procedures in Ref. 8 to address the fleet 
size issue. These extensions are designed to yield refined 
estimates of upper and lower bounds on empty travel 
volume as a function of the number of vehicles in a 
system. 
In the next section, the proposed models are presented 
and compared with earlier results. The third section uses 
an example problem from the literature to compare the 
proposed models with simulation results and previous 
analytical models. The final section offers a summary and 
conclusions. 
2. Modelling the capacity effects of vehicle 
dispatching 
Vehicle dispatching rules fall into two general categories, 
referred to as vehicle initiated and workcenter initiated. 
Vehicle-initiated rules are invoked when vehicles select 
from an active queue of materials-handling transactions 
in a system and include rules such as minimum outgoing 
remaining queue space; first come first serve; random 
workcenter; and unit load shop arrival time. Work- 
center-initiated dispatching rules are invoked during 
operating periods when the active queue of transactions 
is empty, and new transactions arriving to the system 
select among a set of one or more idle vehicles. Examples 
of workcenter-initiated dispatching rules include least 
utilized vehicle, longest idle vehicle, random vehicle, etc. 
Systems with more slack capacity tend to invoke work- 
center-initiated dispatching rules more often than sys- 
tems with less slack capacity. However, all systems with 
handling capacity close to, but greater than, the average 
materials-handling workload will use some combination 
of workcenter- and vehicle-initiated dispatching. 
The selection of dispatching rules in a system usually 
reflects a combination of objectives including resource 
conservation, workload leveling among vehicles, and 
service leveling among workcenters. The first of these 
objectives is directly related to the amount of empty 
vehicle travel expended in meeting a materials-handling 
workload. It is a major influence on system capacity as 
measured by the total volume of transactions per unit 
time that a system is capable of serving or, more simply, 
vehicle utilization. Extreme case rules relative to resource 
conservation for vehicle-initiated and workcenter-initia- 
ted dispatching can be used to estimate bounds on the 
expected volume of empty travel expended by a system 
to meet a given materials-handling workload.’ These 
rules are “nearest/farthest” vehicle selection for the work- 
center-initiated case, and “shortest/longest” travel time 
workcenter selection in the vehicle-initiated case. The 
acronyms NV/STT and FV/LTT are used to refer to 
nearest vehicle/shortest travel time and farthest vehicle/ 
longest travel time, respectively. 
The strategy of the analytical procedure in Ref. 8 is to 
estimate bounds on the expected volume of empty vehicle 
travel by formulating estimators of the expected empty 
vehicle travel time in a system for the extreme case 
dispatching rules. For example, an estimate of an upper 
bound is obtained as either the empty travel volume 
estimate of the farthest vehicle workcenter-initiated dis- 
patching rule, or the longest travel time vehicle-initiated 
dispatching rule (depending on which is the greater of 
these two values). The logic of the procedure is that a 
system invokes some convex combination of vehicle- and 
workcenter-initiated dispatching. An estimate of a lower 
bound on the volume of empty vehicle travel is obtained 
in an analogous manner using the minimum of estimates 
based on the use of the nearest vehicle and shortest travel 
time dispatching rules. 
As noted earlier, the procedures in Ref. 8 were designed 
to use only the material flow rates and travel times 
between workcenters as inputs. As such, these models 
provide relatively deep insights based on very limited 
information. However, they do not account for the num- 
ber of vehicles operating in a system. Because the accur- 
acy of the upper and lower bound estimates obtained by 
the procedures appear to be sensitive to this parameter,’ 
it would be useful to extend the models to generate more 
robust estimates of these bounds. The heuristic proce- 
dures presented in this section are intended to provide 
this capability. To illustrate these extensions, the models 
in Ref. 8 are briefly summarized below using the follow- 
ing notation: 
W = the number of workcenters served by the materials- 
handling system, 
M = the material flow matrix containing the elements 
mij for i, j = 1, . . , W, which represent the average num- 
ber of (loaded vehicle) transactions per hour between 
workcenters i and j, 
T = the travel time matrix for the materials-handling 
system containing the elements tij for i, j = I,. . . , W, 
which represent the vehicle travel time between work- 
centers i and j, 
N = the vehicle fleet size, 
e = the proportion of each hour that vehicles are avail- 
able to service transactions, 
4 = the average loaded travel time required to service a 
transaction, 
w = the average empty travel time required to service a 
transaction, 
Pj = an estimate of the probability that a randomly 
selected free vehicle is located at workcenter j for 
j = 1,. . . , W, and 
pi = an estimate of the probability that workcenter i is 
the source of a randomly selected transaction request for 
i=l >..., W. 
The matrix M defines the materials-handling workload 
imposed on a system. The matrix T is determined by the 
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physical parameters of a system, (workcenter locations, 
vehicle speeds, network design, etc.), and is fixed for a 
given set of vehicle routings between workcenters. 
For the models in Ref. 8, the expected volume of empty 
vehicle travel for the extreme case dispatching rules is 
approximated using only the M and T matrices. The pi 
and pj probability values are estimated from M as: 
Pj’ 2 mij C 1 mij, j=l , . . . , W, 
i=l i=l j=l 
and 
PI = 5 mij 
I 
1 1 mij, i= l,..., W 
j=l i=l j=l 
Estimates of the total volume of empty vehicle travel per 
hour for the shortest travel time and longest travel time 
vehicle-initiated dispatching rules are respectively esti- 
mated by using: 
where K refers to the set of all possible combinations of 
workcenters that could have requests for transactions 
pending. In the above formulations, the terms 
r ir 1 
1 “lJk (1 - P3 JL I-I (1 - pbq qSk 
estimate the probability that the workcenters in com- 
bination k have active requests with the number of com- 
binations equal to 
5 (W!/((W- i)!i!) 
i=O 
The logic of these formulations is to estimate the joint 
probability that a given combination of workcenters has 
one or more requests pending. This joint probability is 
estimated using the product of the pi values for the 
workcenters included in the combination, and the com- 
plement of the pi values for the workcenters excluded 
from the combination. The sum of the product of these 
joint probabilities and the rule-driven workcenter se- 
lection/travel time for each combination of workcenters 
provide estimated empty travel volume per unit time. 
The analogous results for the workcenter-initiated cases 
of nearest vehicle and farthest vehicle dispatching are 
respectively given by 
Simulation studies reported in Ref. 9 suggest hat high 
values of N are indicative of cases where slack vehicles 
in a system provide the dispatching rule with excessive 
opportunities to minimize (or maximize) empty vehicle 
travel following arrival or completion of a transaction. 
With very low values of N, dispatching rules are highly 
restricted in minimizing (or maximizing) empty vehicle 
travel. It follows that either bound estimate is directly 
influenced by N. To develop estimates of empty vehicle 
travel based on the fleet size, a starting estimate of the 
average empty vehicle travel time per transaction is 
generated and used to approximate the probability dis- 
tribution of the number of transactions in the system. 
There are several ways that an initial estimate of empty 
vehicle travel per transaction could be generated. All 
require some assumption about the distribution of 
vehicle-initiated vs. workcenter-initiated ispatching in 
a system. One possible heuristic method is summarized 
below: 
Compute the vehicle minutes available per unit time 
as the product of the fleet size and the average minutes 
available each hour per vehicle, 60 eN. 
Based on the dispatching rules used, approximate the 
vehicle utilization for the system using the simple 
average of the workcenter- and vehicle-initiated 
empty vehicle travel volume and the average loaded 
travel volume per unit time, e.g., 
u’= #‘+(&Y + ELTT)/~}/~~~N 
If estimated vehicle utilization from Step 2 is greater 
than one, use the vehicle-initiated empty vehicle travel 
time per transaction as the starting estimate of the 
average empty vehicle travel time per transaction. 
Otherwise, use a utilization-weighted average of the 
vehicle- and workcenter-initiated estimates to obtain 
the starting estimate, e.g., 
for U’ > 1, w = ELTT 
/(iI jFl -ij)p 
for U’ I 1, u = U’ELTT 
jzl mij) 
+ (1 - U’)E,v 
/(zl ?I Q) 
The units on u are minutes per transaction as this value 
is approximated by the ratio of total minutes of empty 
travel volume per unit time to the total number of 
transactions per unit time. 
The logic of the above procedure is to weight the 
vehicle-initiated estimate more heavily relative to the 
workcenter-initiated estimate when vehicle utilization is 
high. In practical applications, the necessity of using such 
procedures is a function of the magnitude of the differ- 
ence between the vehicle- and workcenter-initiated esti- 
mates. When these differences are small, using a simple 
average provides sufficient accuracy for most problems. 
Using the initial estimate of empty travel time, the 
average vehicle service time per transaction is given by 
the sum, p = 4 + o, where $ can be estimated using the 
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M and T matrices as shown below: 
cp =(X pq,z, .pj) 
Given an estimate of the system service rate that includes 
both loaded and empty vehicle travel, the probability 
distribution of the number of transactions pending in the 
system (denoted as Pi for i = 0, 1, . . . , co) can be obtained 
through an appropriate queuing model. The arrival rate 
for the queuing model is given by 
W 
I = 2 1 mij 
i=l j=l 
If we initially ignore the effects of the specific dispatching 
rule and buffer storage constraints, the M/M/N queuing 
model could be used to approximate the probability 
distribution of the number of transactions in the mater- 
ials handling system as 
N-l 
P, = 
i 
2 (A/&! + (2/,~)~/(N!(l - /Z/Np)) 
i=O I 
-1 
pj = {(AIPL)jpO}l~! j= l,...,N 
Pj = ((A/p)‘P,}/N! N’-N j=N+l,...,oo 
This is clearly a heuristic procedure because the M/M/N 
queuing model assumes the FCFS discipline. However, 
using these as starting estimates, we can address specific 
dispatching rules within the formulation of the expected 
volume of empty vehicle travel associated with vehicle- 
and workcenter-initiated ispatching. The vehicle-initia- 
ted component of the formulation is summarized below: 
where the ordering of terms on the index k is defined by 
the specific vehicle-initiated ispatching rule with respect 
to the index i. To illustrate this through an example, 
consider the example problem taken from Ref. 8 which 
is summarized in Table 1. Table I includes a material 
flow matrix, M, and three travel time matrices denoted 
T,, T2, and T3. Suppose that the STT vehicle-initiated 
dispatching rule is used and the travel times are as 
defined in the matrix T1 of Table 1. For i = 3 (i.e., the 
term in the summation associated with workcenter C), 
the ordering of the terms defined on k is associated with 
the workcenters closest to workcenter C (i.e., k = 1 
identifies workcenter C, k = 2 identifies workcenter A, 
k = 3 identifies workcenter E, k = 4 identifies workcenter 
B, and finally k = 5 identifies workcenter D, the farthest 
from C). 
The logic of the formulation above is to sum the 
product of the probability that vehicle-initiated ispatch- 
ing is invoked on a randomly selected transaction and 
the corresponding expected empty travel distance. (For 
problems where vehicle utilization exceeds lOO%, the 
Table 1. Data from the example problem 
reported in Refs. 8 and 9 
Material flow matrix M 
(in loaded transactions per hour) 
Workcenters 
A B C D E 
A - 5 2 1 2 
B 2 - 1 1 1 
C 0 0 _ 1 0 
D 3 1 0 - 0 
E 1 0 2 2 _ 
Travel time matrix T, (in seconds) 
Workcenters 
A B C D E 
A 0 150 170 150 305 
B 150 0 240 300 155 
C 170 240 32: 320 175 
D 150 300 0 155 
E 305 155 175 155 0 
Travel time matrix T2 (in seconds) 
Workcenters 
A B C D E 
A 0 280 170 150 345 
B 280 0 110 300 285 
C 170 110 0 320 175 
D 150 300 320 0 155 
E 345 285 175 155 0 
Travel time matrix r, (in seconds) 
Workcen ters 
A B C D E 
A 0 150 170 280 345 
B 150 0 110 130 155 
C 170 110 0 240 265 
D 280 130 240 0 155 
E 345 155 265 155 0 
probability of vehicle-initiated dispatching is 1.) The 
expected empty travel time portion of the formulation is 
given by the product of the probability that a vehicle 
becomes free at each workcenter i (i.e., pi) and the 
corresponding travel time. The corresponding travel time 
consists of two separate terms. The first part of this term, 
p;ti,r, represents the product of the probability that the 
“first choice” workcenter (as defined by the dispatching 
rule) has a transaction pending and the expected travel 
time to the first-choice workcenter. The second part of 
the expression takes each remaining workcenter in the 
preference order defined by the dispatching rule. It ap- 
plies the travel time to this workcenter and the product 
defining the joint probability that the workcenter has a 
transaction request pending while other workcenters, of 
higher preference with respect o the dispatching rule, do 
not. 
The second component in the formulation of the 
expected volume of empty vehicle travel based on the 
fleet size describes empty travel volume associated with 
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workcenter-initiated dispatching. This component is 
summarized below: 
where Pl and P2 refer to the set of workcenters for which 
the h, values are positive and negative, respectively, with 
X (1 - (1 - PAN-') I 1 tk, j
where the ordering of terms on the index k is defined by 
the workcenter-initiated ispatching rule with respect o 
the index j. The logic of the formulation of EV, is to 
sum the product of the probability that each workcenter 
initiates a request for a transaction, pi, and the corre- 
sponding expected empty vehicle travel time. The corre- 
sponding expected empty travel time is given by the sum 
of the probability that a vehicle is available at each 
workcenter and the expected empty travel time to that 
workcenter. 
The expected empty travel time 
takes each workcenter in the preference ordering with 
respect to j that is defined by the dispatching rule and 
adds the product of the joint probability that the work- 
center has a vehicle available while higher preference 
workcenters do not and the travel time to the workcenter 
from workcenter j. The product term for k = 1 is defined 
to equal 1. 
In computing lower bound estimates on empty vehicle 
travel, the value of EV, would tend toward zero for large 
values of N. In practice however, this cannot occur 
because it will always be necessary to recirculate vehicles 
from workcenters that are net vehicle importers to work- 
centers that are net vehicle exporters. The empty vehicle 
travel volume associated with the minimal recirculation 
of vehicles is denoted R. This value is not a function of 
the number of vehicles in a system. Rather, it is the empty 
vehicle travel needed to prevent the buildup of surplus 
vehicles at vehicle supply points, i.e., workcenters for 
which the net flow of incoming vehicles per unit time 
exceeds the net flow of outgoing vehicles. The value of 
R is computed in the same manner as the lower bound 
estimate defined in Ref. 8. For example, consider the 
material flow matrix in Table 1. The net vehicle flow per 
unit time for workcenters A, B, C, D, and E is given 
respectively by -4, 1, 4, 1, -2. For the NV dispatching 
rule, R would be computed by assigning vehicle-import- 
ing workcenters to supply vehicle-exporting workcenters 
in a way that minimizes vehicle travel. That is, it would 
be given by the solution to 
Min: E 1 tijXij 
i=l j=l 
Subject to: C Xjk = (h,(k c P2 
jcP1 
c xjk = h,k c Pl 
jcP2 
xij 2 0 vii 
W 
hk= Cmjk- Cmkj fork=l,...,W 
j=l j= 1 
Given the solution to the above linear problem, the value 
of R is estimated as 
R = f 1 tijxij 
i=l jz1 
R must be included in EV, when computing a physically 
realizable estimate of the lower bound on the volume of 
empty vehicle travel in a system as this effect is not 
captured in the formulation of ET/,. 
The total expected volume of empty vehicle travel per 
unit time is then given by the sum: 
El/= El/, + ET/, 
The total volume of vehicle travel per unit time for a 
materials-handling system and vehicle utilization for the 
system are approximated by 
TV= El/+ 5 1 mijtij, U = TV/(60 eN) 
i=i j=1 
The range of U values associated with alternative dis- 
patching rules defines the degree to which dispatching 
can temporarily influence the throughput capacity of a 
materials-handling system. 
3. Illustration and comparison of the dispatching 
models 
To test the heuristic models described in the previous 
section, the material flow data in Table 1 were used. To 
illustrate the procedure, consider the case of the FV/LTT 
dispatching rules combination. Assuming that the matrix 
Ti defines the travel times between workcenters, N = 6 
and e = 1, the total vehicle minutes available per hour 
would be given by 60(6)(l) = 360. From Ref. 8, the 
expected vehicle minutes of empty travel per hour asso- 
ciated with the vehicle-initiated and workcenter-initiated 
components of this rule are given by 72.4 and 77.6 for a 
simple average of 75. The total vehicle minutes of loaded 
travel per hour for this example is 81.3. Therefore, the 
estimated utilization is computed as (75 + 81.3)/360 or 
43.4%. This would yield the starting estimate of average 
empty vehicle travel per hour shown below: 
(0.434)(72.4) + (1 - 0.434)(77.6) 
= 75.3 vehicle minutes 
Based on the application of the heuristic procedure, 
the results in Table 2 were generated. These results are 
computed from the models for values of N ranging from 
3 to 7 (i.e., the “plausible” range of vehicle utilization 
between 100% and 33%). Table 2 also shows estimates 
of bounds from the models in Ref. 8 that do not account 
for fleet size. The results in Table 2 suggest he impor- 
tance of fleet size when evaluating bounds on the impact 
of vehicle dispatching. They indicate that the extent to 
which dispatching can be used to adjust short-term 
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Table 2. Upper and lower bounds on vehicle minutes of empty 
travel per hour as a function of vehicle fleet size 
T, travel time matrix 
Upper bound on empty travel from Ref. 8: 77.6 Veh. min/hr 
Lower bound on empty travel from Ref. 8: 52.7 Veh. min/hr 
Fleet Loaded 
size travel 
N time 
3 81.3 
4 81.3 
5 81.3 
6 81.3 
7 81.3 
NVJSTT 
lower Veh. 
bound util. 
42.5 68.8% 
30.7 46.7% 
23.2 34.8% 
19.2 27.9% 
17.5 23.5% 
rz travel time matrix 
FV/Ll-T 
upper 
bound 
51.7 
50.9 
53.8 
59.6 
66.7 
Veh. 
util. 
73.9% 
55.1% 
45.0% 
39.1% 
35.3% 
Upper bound on empty travel from Ref. 8: 90.5 Veh. min/hr 
Lower bound on empty travel from Ref. 8: 61.6 Veh. min/hr 
Fleet Loaded 
size travel 
N time 
3 98.5 
4 98.5 
5 98.5 
6 98.5 
7 98.5 
NVISTT 
lower Veh. 
bound util. 
55.4 85.5% 
40.4 57.9% 
30.0 42.8% 
23.9 34.0% 
20.8 28.4% 
Ts travel time matrix 
FV/LTT 
upper 
bound 
61.7 
57.4 
57.2 
61 .l 
67.5 
Veh. 
util. 
89.0% 
65.0% 
51.9% 
44.3% 
39.5% 
Upper bound on empty travel from Ref. 8: 78.1 Veh. min/hr 
Lower bound on empty travel from Ref. 8: 53.2 Veh. min/hr 
Fleet Loaded NV/STT FV/LTT 
size travel lower Veh. upper Veh. 
N time bound util. bound util. 
3 85.8 42.8 71.3% 53.4 77.3% 
4 85.8 30.7 48.5% 56.4 59.3% 
5 85.8 22.2 36.0% 62.6 49.5% 
6 85.8 19.3 29.2% 70.5 43.4% 
7 85.8 17.5 24.6% 78.4 39.1% 
handling capacity, as measured by the variability in 
utilization between the estimates of the upper and lower 
bounds on empty vehicle travel, is heavily influenced by 
fleet size. 
To validate the results from the heuristic dispatching 
models, simulation experiments were designed to model 
the NV/STT and FV/LTT dispatching rules for 25 ran- 
domly generated examples based on the original data in 
Table 1. The 25 examples were obtained by generating 
values of the tijS that are uniformly distributed between 
the minimum and maximum tij values shown in Table I 
for i, j = 1,. . . , W. To compare simulation- and model- 
generated estimates of dispatching effects, a randomized 
complete block design was selected. This design was 
selected because individual test problems represent het- 
erogeneous experimental conditions where the response 
variable (i.e., vehicle utilization) is expected to vary with 
each travel time matrix. The effects of differences in the 
travel time matrices must be removed from “treatment” 
effects (i.e., simulation vs. model estimates) in the experi- 
mental design through blocking. Thus, a randomized 
complete block design with 25 observations based on the 
randomly generated examples was run for each fleet size 
and dispatching rule combination. In each case, the 
experimental results are applied to test the hypothesis 
that vehicle utilization obtained from the model is equal 
to that observed through the simulation. 
Table 3 summarizes the 25 travel time matrices gen- 
erated for the validation experiment. Each of the 25 
randomly generated problems was simulated for values 
of N ranging from 3 to 7. The simulations for both the 
FV/LTT and NV/STT dispatching rule combinations 
were run for an eight-hour operating period. Analysis of 
the effects of initial conditions, i.e., the starting locations 
of the N vehicles and the random number seed, was 
undertaken for each simulation model. In all cases, 
vehicle utilization averages attained a steady-state level 
within the first simulated hour of system operation. 
Therefore, the outputs from the first hour of each simula- 
tion were truncated for the purpose of estimating steady- 
state vehicle utilizations from the simulation outputs. 
Tables 4 and 5 summarize the resultant average vehicle 
utilization estimates obtained from the 125 simulation 
experiments for the FV/LTT and NVjSTT dispatching 
rule combinations, respectively. Corresponding model- 
generated results are also summarized in Tables 4 and 
5. Figures 1 and 2 provide a visual comparison of the 
simulation- and model-generated results over the 125 
travel time matrix and fleet size combinations for the 
FV/LTT and NV/STT dispatching rule combinations. 
Table 6 summarizes the analysis of variance results 
from the experimental design. As suggested by the results 
in Figures 1 and 2, consistency between model-based and 
simulation-based results varies somewhat with the fleet 
size and dispatching rule combination. Overall, the hy- 
pothesis that the model and simulation produce equi- 
valent results is rejected in half of the 10 fleet size and 
dispatching rule combinations considered. For the FV/ 
LTT dispatching rule combination, the model repro- 
duces the simulation-generated results reasonably well 
for fleet size values below N = 7. For the NV/STT rule 
combination, the model-generated and simulation- 
generated results are fully consistent only for N = 3 and 
N = 5, with the greatest deviation associated with the 
largest fleet size value of N = 7. Therefore, it appears 
that the accuracy of the model-generated estimates tends 
to be greatest for situations where the fleet size more 
directly constrains the effect of the dispatching rule, i.e., 
for smaller fleet size values. It is clear from Figures I and 
2, however, that order of magnitude deviations between 
the model- and simulation-generated results do not ap- 
pear in any of the fleet size and dispatching rule combina- 
tions studied. Given that the purpose of the model is to 
generate rough estimates of vehicle utilization during the 
early, presimulation phases of materials-handling system 
design, it is reasonable to conclude from Table 6 that the 
accuracy of the estimates is acceptable for their intended 
application. 
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Table 3. Twenty-five randomly generated travel time matrices used in the randomized complete block design (times in 
seconds) 
0 173 170 208 313 0 254 170 206 321 0 238 170 221 341 
190 0 216 239 216 235 0 218 220 221 184 0 157 224 188 
170 167 0 294 211 170 113 0 316 182 170 117 0 300 199 
225 204 271 0 155 279 140 267 0 155 253 296 267 0 155 
337 183 261 155 0 320 175 242 155 0 311 202 221 155 0 
0 239 170 157 334 0 223 170 193 314 0 212 170 229 332 
224 0 129 157 217 206 0 150 211 192 223 0 116 160 270 
170 149 0 314 180 170 136 0 258 222 170 129 0 249 247 
267 278 315 0 155 164 188 271 0 155 202 183 273 0 155 
306 222 254 155 0 315 270 186 155 0 345 171 236 155 0 
0 196 170 247 325 0 220 170 177 306 0 228 170 219 336 
169 0 124 284 237 252 0 123 157 171 218 0 110 299 179 
170 127 297 
31: 0 
204 170 150 0 304 190 170 148 0 258 191 
159 299 155 243 177 275 0 155 208 257 254 0 155 
342 175 264 155 0 305 259 234 155 0 330 232 236 155 0 
0 251 170 278 318 0 214 170 251 328 0 174 170 177 309 
225 0 187 194 163 220 0 152 163 190 219 0 134 167 195 
170 148 0 245 259 170 173 0 275 240 170 138 0 301 207 
202 202 318 0 155 196 290 316 0 155 161 224 292 0 155 
314 235 254 155 0 314 234 246 155 0 317 187 215 155 0 
0 198 170 242 312 0 166 170 173 327 0 177 170 259 322 
245 0 146 194 247 249 0 177 132 179 179 0 113 153 225 
170 211 257 
24: 0 
225 170 192 307 
31: 0 
251 170 185 250 198 
216 167 155 169 133 155 195 221 30: 0 155 
327 228 241 155 0 317 255 221 155 0 336 170 177 155 0 
0 150 170 165 321 0 193 170 185 327 0 256 170 204 333 
257 0 141 186 201 254 0 119 146 218 265 0 180 299 197 
170 167 266 
27: 0 
196 170 152 0 280 226 170 140 0 303 185 
155 166 155 171 201 258 0 155 178 199 263 0 155 
340 204 245 155 0 345 282 230 155 0 339 223 207 155 0 
0 240 170 266 328 0 210 170 157 330 0 184 170 276 308 
155 0 135 182 177 207 0 220 145 255 150 0 196 193 176 
170 223 247 
26: 0 
177 170 171 0 318 201 170 239 282 217 
239 207 155 245 256 274 0 155 249 159 31: 0 155 
332 233 216 155 0 311 188 249 155 0 333 170 195 155 0 
0 206 170 260 310 0 238 170 274 343 0 221 170 189 308 
212 0 191 141 162 218 0 214 205 177 263 0 212 152 196 
170 128 0 281 208 170 223 0 314 191 170 117 0 260 245 
233 176 254 0 155 217 196 281 0 155 232 165 299 0 155 
326 271 197 155 0 311 271 235 155 0 329 242 210 155 0 
0 213 170 251 340 
173 0 122 236 163 
170 207 256 261 
270 131 30: 0 155 
307 271 235 155 0 
4. Summary and conclusions 
A series of heuristic models for estimating bounds on the 
volume of empty-vehicle travel as a function of the fleet 
size in a materials-handling system are formulated. The 
models are based on expected values developed from the 
material flow rates and vehicle travel times (routings) 
between workcenters. This information describes the 
materials-handling workload imposed on a system and 
the levels of key design variables defining system alterna- 
tives. The objective of the models is to predict the 
maximum extent to which vehicle dispatching can influ- 
ence the short-term capacity of a materials-handling 
system as defined by the vehicle utilization observed for 
a given workload. The advantage of the analytical 
models is that they provide instantaneous feedback to 
designers and thereby facilitate the types of extensive 
sensitivity analyses needed in the early, presimulation 
stages of the system design process. The outputs provided 
by the models can be used by system designers to deter- 
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Table 4. Vehicle utilization estimates for the 25 sample problems with the FV/Ln 
dispatching rule combination obtained from the analytical and simulation models 
N=3 N=4 N=5 N=6 N=7 
T, Model, sim.’ Model, sim.’ Model, sim.’ Model, sim.* Model, sim.’ 
1 80.23, 73.96 58.58, 53.55 47.09, 49.31 40.38, 38.45 36.01, 35.61 
2 87.61, 81.56 66.77, 64.18 55.18, 48.47 47.92, 41.64 42.82, 35.02 
3 85.23, 84.48 63.02, 62.13 51.29, 49.82 44.41, 41.91 39.87, 36.82 
4 85.45, 83.78 63.76, 63.56 51.96, 51.50 44.81, 43.07 39.96, 37.84 
5 76.89, 70.27 55.92, 58.14 44.96, 44.93 38.60, 36.03 34.45, 33.66 
6 80.42, 79.88 58.61, 57.76 47.18, 44.41 40.52, 40.32 36.15, 32.10 
7 82.02, 78.49 60.20, 61.79 48.79, 49.75 42.17. 41.46 37.86, 34.17 
8 80.70, 78.13 60.05, 60.43 48.90, 48.48 42.17, 41.02 37.60, 36.15 
9 84.12, 78.42 62.45, 61.82 51.03. 47.29 44.32, 39.67 39.87, 33.87 
10 85.20, 82.06 63.17, 64.18 51.29, 51.41 44.13, 43.55 39.27. 36.44 
11 82.97, 83.24 61.49, 62.68 49.95, 50.20 43.03, 42.15 38.37, 35.96 
12 74.55, 76.51 55.73, 57.49 45.62, 44.98 39.51, 38.94 35.34, 32.86 
13 80.98, 78.03 59.06, 60.38 47.50, 44.70 40.76, 41 .OO 36.35, 33.92 
14 75.21, 75.71 56.23, 58.17 46.01, 46.00 39.84, 37.77 35.65. 33.40 
15 75.28, 76.18 55.25, 57.43 44.81 I 47.18 38.71, 37.93 34.68, 32.61 
16 74.40, 76.10 55.44, 56.38 45.23. 45.90 39.07, 39.66 34.90, 33.37 
17 78.49, 84.31 58.44, 62.14 47.66, 50.47 41 .17. 42.86 36.76, 35.47 
18 85.90, 76.16 62.06, 63.82 49.47. 50.07 42.17, 40.90 37.46, 34.48 
19 81.64, 80.86 59.14. 60.28 47.40, 49.99 40.62, 40.50 36.21, 35.96 
20 82.78, 75.64 60.44, 60.37 48.51, 45.65 41.51, 38.99 36.94, 34.15 
21 77.94, 79.53 56.19, 58.04 44.83, 45.98 38.29, 41.82 34.07, 33.84 
22 80.05, 80.91 59.26, 58.27 48.12, 50.54 41.45. 39.73 36.95, 33.70 
23 86.38, 86.69 63.94, 64.24 51.81, 52.44 44.52, 44.21 39.62, 39.37 
24 81.98, 85.98 61.05, 61.51 49.72, 50.19 42.88. 41.98 38.25, 36.01 
25 81.52, 75.05 58.57, 58.00 46.55, 46.56 39.59, 39.99 35.08, 33.74 
* Cells contain the model-based and simulation-based observation of vehicle utilization (as a percentage) 
for each combination of vehicle fleet size (N) and test problem. 
Table 5. Vehicle utilization estimates for the 25 sample problems with the NV/STT 
dispatching rule combination obtained from the analytical and simulation models 
N=3 N=4 N=5 N=6 N=7 
T Model, sim.‘ Model, sim.’ Model, sim.’ Model, sim.’ Model, sim.‘ 
1 67.13, 69.02 44.79, 38.08 32.93, 34.63 26.13. 27.40 21.87, 25.76 
2 74.40, 67.93 49.87, 48.28 36.66, 35.74 29.01, 32.19 24.21, 24.41 
3 71.86, 71.25 47.93, 44.10 35.22, 34.78 27.91, 28.10 23.34, 24.34 
4 72.10, 68.19 48.27, 44.23 35.50, 35.34 28.13, 26.62 23.51, 26.37 
5 63.71, 57.45 42.42, 39.98 31.22, 32.82 24.82, 24.67 20.81, 23.26 
6 66.87, 77.75 44.67, 47.28 32.92, 35.43 26.16, 33.54 21.93, 26.02 
7 67.52, 58.43 44.98, 38.90 33.06, 33.41 26.22, 28.02 21.95, 20.55 
8 67.33, 66.32 45.01 I 45.31 33.15, 34.91 26.33, 28.70 22.05, 24.25 
9 70.20, 67.33 46.80, 45.09 34.36, 35.37 27.22, 28.92 22.76, 25.11 
10 71.26, 70.73 47.35, 43.43 34.70, 34.57 27.45, 31.96 22.94, 25.48 
11 68.97, 66.01 45.88. 42.56 33.65, 32.23 26.65, 28.66 22.29, 24.72 
12 61 .Ol, 63.78 40.75, 39.82 30.06, 30.89 23.94, 27.35 20.10, 22.60 
13 67.64, 64.86 45.07, 43.63 33.13, 30.97 26.28, 28.41 22.00, 23.71 
14 61.21, 61.90 40.83. 40.88 30.08, 31.74 23.94, 26.63 20.08, 23.16 
15 61.48, 65.54 40.96, 39.22 30.21, 32.55 24.07. 25.72 20.21, 22.84 
16 60.69, 61.92 40.54. 40.00 29.90, 30.40 23.81, 27.14 19.99, 20.30 
17 64.61, 72.97 43.08, 44.16 31.69, 35.08 25.17, 28.26 21.09, 23.86 
18 72.30, 64.43 48.25, 46.20 35.40, 37.24 28.00, 31 .OO 23.39, 23.38 
19 68.22, 65.13 45.35, 42.42 33.34, 31.02 26.47. 24.63 22.18, 22.95 
20 69.81, 64.65 46.72. 41.55 34.40, 37.23 27.30, 27.32 22.84. 24.40 
21 64.34, 59.45 42.84, 36.24 31.55. 29.87 25.10. 23.23 21.05, 19.34 
22 66.18, 62.47 44.06, 42.00 32.39, 34.12 25.72, 29.27 21.54, 23.71 
23 72.56, 72.63 48.23. 42.22 35.31, 38.86 27.91, 31.55 23.30, 25.38 
24 68.23, 68.88 45.56, 44.98 33.60, 37.02 26.56, 30.90 22.22, 26.61 
25 67.90, 68.64 45.21, 39.26 33.24. 31.03 26.38, 23.79 22.09, 22.26 
* Cells contain the model-based and simulation-based observation of vehicle utilization (as a percentage) 
for each combination of vehicle fleet size (N) and test problem. 
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Table 6. Analysis of variance results for the randomized complete block design using the 25 test 
problems 
FV/LTT results for N = 3 
Source of Sum of Mean 
variation squares df square 
Treatments 0.004232 1 0.004232 
Blocks 0.057902 24 0.002412 
Error 0.017922 24 0.000746 
Total 0.080056 49 
FV/LTT results for N = 4 
Source of Sum of Mean 
variation squares df square 
Treatments 0.000285 1 0.000285 
Blocks 0.038130 24 0.001588 
Error 0.003784 24 0.000157 
Total 0.042201 49 
FV/LTT results for N = 5 
Source of Sum of Mean 
variation squares df square 
Treatments 0.000041 2: 0.000041 
Blocks 0.025445 0.001060 
Error 0.005974 24 0.000248 
Total 0.031461 49 
FV/LTT results for IV = 6 
Source of Sum of Mean 
variation squares df square 
Treatments 0.001457 1 0.001457 
Blocks 0.018354 24 0.000764 
Error 0.004373 24 0.000182 
Total 0.024185 49 
FV/LTT results for N = 7 
Source of Sum of Mean 
variation squares df square 
Treatments 0.008293 1 0.008293 
Blocks 0.016365 24 0.000681 
Error 0.003963 24 0.000165 
Total 0.028622 49 
* Fail to reject for cx = 0.01 (F,,, 24 = 7.82) 
** Reject for c( = 0.01 (F,,,,,, = 7.82) 
FO‘ 
5.66 
FO' 
1.81 
Fo’ 
0.16 
Fo” 
8.00 
Fo** 
50.2 
NV/SlT results for IV = 3 
Sum of Mean 
squares df square 
0.00178 1 0.001780 
0.064705 24 0.002696 
0.026217 24 0.001092 
0.092704 49 
NV/STT results for N = 4 
Sum of Mean 
squares df square 
0.008615 1 0.008615 
0.030613 24 0.001275 
0.007612 24 0.000317 
0.046841 49 
NV/STT results for N = 5 
Sum of Mean 
squares df square 
0.000772 1 0.000772 
0.018832 24 0.000784 
0.004066 24 0.000169 
0.023671 49 
NV/STT results for N = 6 
Sum of Mean 
squares df square 
0.005058 1 0.005058 
0.016134 24 0.000672 
0.005872 24 0.000244 
0.027066 49 
NV/XT results for N = 7 
Sum of Mean 
squares df square 
0.004059 1 0.004059 
0.008509 24 0.000354 
0.002913 24 0.000121 
0.015482 49 
Fo* 
1.63 
fc” 
27.1 
f=O' 
4.55 
F,“’ 
20.6 
Fo” 
33.4 
mine the degree to which a fixed system design can adapt 
to temporary increases in system workload through 
dispatching. This information can prevent the need to 
design discrete materials-handling systems based on a 
“worst case” operating scenario. 
Development of the fleet-sized-based models was moti- 
vated by simulation experiments indicating that previous 
analytical models of dispatching effects, based only on 
material flow rates and vehicle travel times, did not 
capture the sensitivity of dispatching effects to fleet size.’ 
Results generated by the heuristic models were validated 
through simulation experiments, which suggested that 
the models provide adequate accuracy for their intended 
application. 
The heuristic models have substantial generality in the 
domain of discrete materials-handling systems as they 
are based on generic information that is part of the 
design process for most problems. They also have the 
advantage of computational simplicity (as compared 
with simulation experimentation), which allows imple- 
mentation on a relatively inexpensive computing plat- 
form. The models open the possibility of generic software 
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for the design of materials-handling systems. For exam- 
ple, a plausible scenario is the integration of the models 
into knowledge bases for the specification of hardware 
alternatives in a system (e.g., expert systems for industrial 
truck selection). Such a system would have the potential 
to provide users with access to the sophisticated model- 
ling methodologies and extensive domain-dependent 
knowledge needed for the effective design of materials- 
handling systems. Given these encouraging initial results, 
“5 investigation of the application of these procedures to 
analyzing tradeoffs in fleet size and buffer storage capa- 
0.4 city in the design of batch manufacturing systems also 
appears to be a promising direction for future research. 
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Figure 1. FV/LTT model vs. simulation. 
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